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ABSTRACT 
 The probability of a terrorist attack with a Radiological Dispersion Device (RDD) is 
unknown, response and recovery plans must be created beforehand to minimize the detrimental 
economic, social, and psychological effects of wide-spread nuclear contamination. In 2014 the 
IWATERS system was proposed for quick, non-destructive remediation of the urban 
environment. An ionic wash solution (“Wash Aid”) is applied by hosing and then used wash 
solution is recycled on-site with sand-clay beds. The following experiments were performed to 
help characterize the IWATERS technology.  
The HUDEX (High-pressure Urban Decontamination EXperiments) system applied a 
pressurized wash solution with a 40° nozzle to Sr-85, Cs-137, and Eu-152 contaminated brick, 
asphalt, and concrete. Statistically significant increases in percent removals were observed using 
a nominal 0.5 M KCl solution vs. tap water (20-40% difference for majority). Highest 
decontamination was 84.6% Sr from asphalt with 0.5 M KCl. Tests varying cleaning rate and 
distance on concrete with tap water yielded insignificant trends (8%-45% average removals).  
Depth profiles of the remaining contamination were determined after cleaning from the 
15-cm distance. By using sand paper to remove layers from the coupon, the relative fraction 
activity removed in each layer was plotted vs. depth. Consistently, Cs and Sr penetrated 
significantly deeper than Eu, with Sr penetrating slightly more than Cs. Relatively small grind 
layers (17 to 35 µm vs. 1 to 7 mm) made literature comparison difficult. More tests are needed 
to determine effects of pressurized washing on contamination depth profiles.   
A GoldSim Contaminant Transport model for recycling contaminated wash solution 
through a sand/clay column was modified for sensitivity analyses of column and material 
parameters. Linear or quadratic relationships (R2 ≥ 0.98) were observed between most column 
parameters and breakthrough time and total volume of wash solution processed. Using the 
relationships, look-up tables for first responders and equations for on-the-fly modifications can 
be generated. Changes to the sand/clay bed composition yielded mostly non-linear trends for 
both total volume recycled and elution time. Therefore, in a response scenario, the composition 
must be set beforehand. Parameters such as bed area and head height are more easily changed 
to total recycled wash solution and recycling rate.   
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CHAPTER 1: INTRODUCTION 
1.1. Wide-Spread Nuclear Contamination 
There are a number of nuclear fallout events which have contributed to the 
contamination of the environment. These include nuclear weapons testing in the mid twentieth 
century, the Chernobyl accident, and the Fukushima Daiichi Nuclear Power Plants Accident. The 
Chernobyl accident caused hundreds of radiation injuries, and the evacuation of over 200,000 
people [1]. Although there is little evidence for worsening health effects beyond what has already 
been reported, people’s lifestyles were irreversibly and detrimentally altered in highly 
contaminated regions. Motivated by the accident aftermath, many European countries began 
testing new decontamination technology on the affected sites. Wide spread contamination 
scenarios were modeled and a decision framework developed for intermediate to long term 
response [2, 3]. Much of the current information in the UK Handbook for Recovery Incidents 
stems from post-Chernobyl studies.  
More recently the accident at Fukushima Daiichi occurred in 2011. The major cause of 
contamination is hypothesized to be from Units 2 and 3 based on meteorological data and smoke 
emissions from these units [4]. Both ocean water and land were contaminated in this accident. 
The total atmospheric release of Cs-137 is estimated at 1017 Bq by TEPCO. Eight emergency 
response personnel in the FDNPPA did receive dose exceeding the legal dose or emergency legal 
dose limit; however, no injuries resulting from radiation damage were reported [4]. By Spring 
2017, after six years, people were authorized to return to some towns from relocation. Even in 
less contaminated regions the clean-up took at least a year and often more [5].   
In both the Chernobyl and Fukushima events, the economic, social, and psychological 
impacts were greater than the health effects. For instance, more than 50 patients died while 
relocating from hospitals near Fukushima, and later analysis found two to four times higher 
health risk for relocation vs. from radiation [6]. Also, over 20% of the evacuees had to relocate 
more than of six times because of lack of planning. A terrorist group could take advantage of 
these effects, and as the world evolves the potential threat of a Radiological Dispersion Device 
(RDD) is a rising homeland security issue [7]. Major effects of an RDD include increased 
probability for cancer within the affected area, extended closures of the contaminated area, 
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increased paranoia and panic within the population, and economic and social effects [8, 7]. A 
2007 study cited if an RDD source was found despite explicit instructions to not evacuate, 39% of 
urban people that would disregard these instructions [9].  Another study on a hypothetical dirty 
bomb attack in Los Angeles and Long Island determined 8 billion dollars of imports and 26 billion 
dollars of exports would be lost, plus costs of decontamination [10]. 
Accessing radioactive materials is not easy, but it is not impossible. Radioactive materials 
are used within the power industry (nuclear plants and waste facilities) and medical and research 
facilities across the world [10]. With increased usage of radionuclides, it is more difficult to keep 
materials away from people with malicious intent due to a lack of sufficient controls in some 
regions [7].  
Although the probability of an RDD as an act of terrorism is unknown, preventative and 
defensive actions must be taken. The objectives of a government in the event of an RDD or similar 
event should be the following: prevent further events, identify the perpetrator(s), recovery 
efforts at the site, and manage secular and public communications [11]. Recovery 
plans/references have been proposed [12, 13], but most studies geared toward fulfilling these 
responsibilities are within the European and UK communities [14]. An evaluation of the known 
strategies in the event of a wide spread CBR (chemical biological nuclear) dispersal was 
conducted in 2012 [15]. Site specific response/recovery plans and waste management strategies 
were identified as two, high-priority unknowns [15].  
To reduce restricted access time for an affected urban area there is a need for non-
destructive, non-toxic, rapid decontamination methods. Of the materials within the urban 
environment, nonporous materials such as glass, painted surfaces, shingles, and plastic coatings 
are easily cleaned [14, 16]. Porous building material, on the other hand, proves difficult to clean 
owing to deeper radionuclide surface penetration and chemical fixation to minerals. This is 
accentuated by wet deposition of contamination. 
A method for washing contaminated buildings with a wash solution followed by recycling 
the used wash waters with a sand-clay bed was first proposed in 2014 [17]. Referred to as the 
Integrated Wash-Aid, Treatment, and Emergency Reuse System (IWATERS, shown Fig. 1.1 [18]) , 
this technology was not meant to include infrastructure in the immediate release or blast area.  
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The wash aid solution can be applied with common tools such as a fire hose, garden hose, or 
power washer. The wash solution application can loosely be split into unpressurized and 
pressurized flow. However, not much data are available on the effectiveness of these systems in 
an urban environment, and available data are typically from studies conducted outside the U.S. 
Not only do these methods need to be characterized, but a plan developed to implement the 
chosen method(s) in a wide spread contamination event. Until then, the U.S. is more susceptible 
to an RDD attack.   
To begin addressing this need, unpressurized flow and static tests were performed with 
ammonium and potassium exchange ions to measure decontamination effectiveness on porous 
urban materials [17, 19]. Depth profiles of the remaining concentration in samples 
decontaminated with ionic solution were created through grind tests. In 2016, a GoldSim CT 
model for recycling of contaminated water with a sand/clay bed was developed and 
experimentally verified [20].  
Building off this concept of IWATERS, we began testing readily available equipment that 
could be employed by individuals or community groups as part of self-help activities.  Given the 
frequent use of pressure washers after Fukushima and the lack of experimental data, the 
following experiments seek to develop pressure washing techniques as part of an immediate 
response/recovery plan for remediation of an urban environment. Contaminated porous building 
materials are cleaned by high-pressure washing using the HUDEX system (Ch. 3). An ionic KCl 
solution was compared to tap water for decontamination of asphalt, brick, and concrete. 
Cleaning rate and pressure of spray were varied in additional tests with concrete. For the highest 
pressure, grind tests were performed 3-months post-decontamination. The results from [20] 
were replicated in GoldSim followed by sensitivities analyses with a modified model to determine 
influential parameters in the sand/clay recycling bed.  
 Experimental results support the use of KCl ionic wash solution and on-site sand/clay 
recycling as a rapid, simple remediation method for the urban environment. Results from HUDEX 
tests using 0.5 M KCl showed a 20% to 40% average removal increase for most 
radionuclide/building material permutations compared to tap water. Percent removals using KCl 
solution ranged from 28% to 84.6% and with tap water from 6.2% to 58.8%. Ultimately, while 
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effects of cleaning rate and distance on cleaning effectiveness were insignificant, power washing 
with KCl solution is a viable option for large-scale urban remediation. GoldSim sand/clay column 
sensitivity analyses produced expected results. Except for modifications to the composition of 
the sand/clay bed, sensitivity analysis gave almost perfectly correlated (R2 ≥ 0.98) linear or 
quadratic relationships. These results support the flexibility of using sand/clay beds on-site for 
used wash solution recycling. Not only can look-up tables for first responders be generated, but 
on-the-fly modifications are possible.    
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1.2 Figure 
 
 
Figure 1.1. IWATERS Schematic, courtesy of Dr. Michael Kaminski, Argonne National Lab [18]. The 
HUDEX Experiments represent the firehosing (or other application method) with the Wash Aid Solution 
(shown in dotted yellow region). GoldSim modeling experiments were performed to optimize the 
structures and operating conditions of the sand/clay recycling beds (outlined in red long dashes).  
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CHAPTER 2: THEORY 
2.1 Cations 
Cesium-137 is a priority radionuclide to study because of its wide usage, 30.23 yr half-life, 
beta emission, and strong gamma emission from its daughter Ba137m [16, 21, 22].  As little as 42 
Ci (0.48 g) is needed to contaminate 1 km2 to the point where relocation would be required by 
the EPA/FEMA protective action guide (2 rem dose in the first year after the attack) [7]. Cs is 
soluble in aqueous solution and is a 1+ ion for wide pH range [23]. Cs+ has a similar hydrated ionic 
radius to NH4+, K+, and Rb+ and can interchange with these in the environment [24, 23]. Potassium 
and ammonium ions have been found to be the most competitive in Cs+ ion exchange because 
of their low hydration energies [25]. The specific activity of Cs is 88 Ci/g [26]. 
Sr-90 has application as a thermal generator, and could contaminate 1 km2 with 200 Ci 
(1.25 g) if perfectly dispersed [7, 27]. In the event of a nuclear accident, the actinides will 
condense and quickly fall, whereas both cesium and strontium are lighter and will travel farther 
[14, 12]. Sr-90 has a half-life of 28.1 years and a specific activity of 150 Ci/g [28, 26]. Sr-90 decays 
into Y-90, which has a 64 hr half-life and emits a beta particle with maximum energy of 2.3 MeV 
[beta particles are not monoenergetic, making quantification with energy spectroscopy difficult 
[29]]. To avoid handling a strong pure beta emitter with a long half-life, Sr-85 (514 keV γ, 64-day 
half-life, 24,000 Ci/g) is used as a surrogate [16, 26]. In aqueous solution (pH range 3 to 10.5) Sr2+ 
is the dominant state [23]. Because of a similar hydrated ionic radius and high concentration in 
the environment, Ca2+ competes strongly with Sr2+ for adsorption sites on minerals [23].  
Americium-241, also a Category 2 radionuclide per IAEA standards, is a concern because 
it emits a high-energy alpha particle [7]. In neutral pH solution, Am3+ is typically a carbonate 
complex and sorbs readily to soils and minerals [30]. High sorption means it is unlikely 
transported in solution; instead, it could be transported attached to colloids in flowing water 
[30]. Eu-152 is used as a surrogate for Am-241, which is typical because they are in the same 
group on the periodic table with identical charge and similar ionic radii [8]. Eu-152 (half-life 13.2 
yr) emits gamma-rays at multiple energies. In this study, Eu-152 was quantified with the 121 keV 
photopeak (electron capture branching ratio = 0.72, Intensity 28.5%) and the 344 keV photopeak 
(beta emission branching ratio = 0.28, Intensity 26.6%) [31].  
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2.2 Clay/Cation Interactions 
An integral part of the IWATERS concept is the treatment of the wash water on-site to 
eliminate transport of high volumes of radioactive solution.  Clay materials have a naturally high 
affinity for many radionuclides.  An understanding of clay/cation interactions was required to 
choose an appropriate clay to recycle the used wash solution. Although the clay, vermiculite, was 
predetermined for these experiments, the supporting mechanisms and studies are detailed 
below. The primary focus of previous work, and this section, is Cs-137.  
Interest and implementation of sequestering radio-cations in clays and minerals has been 
ongoing for over 50 years [32]. Benefits of isolating radionuclides such as Cs-137 and Sr-90 
include reducing activity of high-level waste (HLW), protecting water supplies (if leakage), and 
use in commercial and research applications such as sterilization [27, 33]. Early developments of 
clay adsorption technology include a “lime-soda softening plant” at Oak Ridge National 
Laboratory for removal of Sr-90 [34] and the use of montmorillonite as a natural retardant in a 
number of nuclear waste repository designs [35]. To determine the ability of surrounding 
minerals/clays to capture any leakage from HLW tanks, the performance of various 
minerals/clays were evaluated after high pressure and temperature conditioning. The Cs sorption 
capacity decreased, but fixation of already sorbed Cs increased.  
Clay types studied to capture radionuclides include illite (hydrous mica), montmorillonite 
(representing the smectite group), vermiculite, kaolinite (1:1 clay), chlorite, and zeolites [36, 37]. 
Most of the clays discussed for radiocesium adsorption are 2:1 layered: two layers of SiO2 in 
tetrahedral coordination surround an octahedral layer of Al2(OH)6 [38]. Within the tetrahedral 
layer, substitution of Al3+ for Si4+ can occur and Mg2+/ Fe2+ can substitute for Al3+ in the octahedral 
layer [38]. These substitutions lead to a negative charge along the clay layers. Positive cations, 
usually K+ ions, fill the gap between clay layers to neutralize the negative charge.  
The gap between layers is a distinguishing characteristic of clay types, as is the expansion 
upon hydration. Clays such as illite, kaolinite, and chlorites experience little expansion upon 
hydration [38]. Conversely, montmorillonite can expand up to 50% and vermiculite to almost 
twice its original gap size [38]. High specific adsorption of cations can occur with optimum layer 
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gaps, which is one reason partition coefficients (Kd) vary between clays. For a given radionuclide 
in a system with a solid and aqueous phase, the partition coefficient is the ratio of radionuclide 
concentration in the solid phase to the radionuclide concentration in the aqueous phase at 
equilibrium.    
Cations can interact with different parts of the clay, e.g. planar, edge, and frayed edge 
sites, illustrated in Fig. 2.1. Cs interacts with the “frayed-edge site” (FES) of the clay, K+ ions 
interact in the interlayer, and hydrated K+ ions interact in the fully hydrated layer [39]. Frayed-
edge sites have been shown to have a high selectivity for Cs ions [24]. The radiocesium interaction 
potential (RIP) can be used to predict the behavior of radiocesium in soils. The RIP is, in part, 
related to the amount of micaceous clays in the soil, but can be affected by weathering, presence 
of organic materials, and expansion of clay layers upon hydration [40]. RIP accounts for 
permanent trapping of Cs due to interlayer collapse after interaction with a FES too.   
To differentiate the potential for cation interaction among clays, cation exchange capacity 
(CEC) is used. The CEC [meq/100g] for kaolinites is 5-25, illites 20-40, vermiculites 150-160, and 
smectites 100-120 [38]. The lower CEC for illites vs. montmorillonite and vermiculite can be 
explained by the cations residing in the interlayers. Illite contains K+ ions, which are not readily 
exchanged with other cations.  Vermiculite and montmorillonite can have Ca2+ and Mg2+ ions, 
both of which are readily exchanged with other cations in the environment [38]. Kaolinite crystals 
have a small CEC because of very little substitution of Si4+ with Al3+ creating minimal charge per 
unit area [38]. Cation exchange is not as energetically favorable.  Note that CEC alone does not 
determine adsorption of cations, only the potential for adsorption.  
Not only clay characteristics, but the exchanging cation plays a role in exchange 
effectiveness [23]. The hydration energy of ions plays a large role in cation exchange, while the 
ionic radius has less influence [41, 33].  This is because ions in solution will have a layer of water 
(hydration layer) surrounding the ion as it approaches the clay interlayer.  Those ions that can 
shed their waters (low hydration energy) will be able to form stronger bonds with the clay surface 
than those that cannot shed their waters. Therefore, the affinity of cations for clay exchange sites 
is Cs+>NH4+>K+>Na+>Ca2+.  
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The selectivity of vermiculite (2 types) for Cs over other cations in varying concentration 
ratios and initial cation loading of clay was studied [42]. When the vermiculite was saturated with 
ammonium or potassium ions, the cesium could replace 15% of the cations. With cesium-
saturated vermiculite, the ammonium and potassium ions only replaced 1% of the loaded cesium. 
The differences in replacement ability were partially because of interlayer collapse when Cs was 
adsorbed, makings the exchange reaction effectively irreversible [42]. Smaller concentration of 
Cs (4 ng/L) on vermiculite, like what one would find in an RDD situation, was studied by Sikiladis 
et al. with K+, NH4+, and Ca2+ exchanging ions. Most tests showed ≥95% Cs sorption, but high 
errors were reported [42].  
 Illite sequestering of Cs has also been studied extensively. Illite behaves in a similar 
manner to vermiculite, where adsorption can be modeled by three different adsorption site 
types, with a high selectivity for Cs adsorption onto FES [43]. Using TEM and EXAFS, the 
incorporation of Cs into illite structure after interaction with FES and interlayer collapse was 
proven [44]. Studies have shown this trapping is not entirely irreversible, but high concentrations 
of competing cation can take weeks to equilibrate with the reversibly adsorbed Cs in the 
environment [45, 46].  
 With the events of Fukushima, more studies have emerged on the binding of Cs to soil 
materials, particularly vermiculite (weathered biotite) and illite. Weathered biotite (aka 
vermiculite) was of interest because its presence around the Fukushima region resulting from 
local granite weathering. Consistent with past studies, vermiculite and illite demonstrate a high 
selectivity for Cs+ capture, and in Mukai’s work weathered biotite sorbs stronger than illite [47, 
44]. Both clays are good options for the sand/clay recycling bed.  Vermiculite is readily available, 
inexpensive, and Cs has a high partition coefficient (Kd) on vermiculite in aqueous solution even 
in the presence of competing cations, which are all necessary traits for large-scale remediation.   
To a lesser extent, clay/cation interactions can explain cation interaction with building 
material. In 2011, the depth profile (by grind test) of Cs in common building materials was 
measured [48]. A follow-up study examined Cs, Co, and Sr via wet deposits on building coupons 
with a pipette in RH 30% and 87% at 20°C for 1-28 days [16]. For example, granite depth profiles 
at 87% RH showed decreases in Cs and Eu concentrations within 1 mm of surface and 2 to 3 mm 
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total penetration, matching previous findings for Cs. Sr extended further into the surface 
(upwards 7 mm). Sr does not bind as strongly to the building material as Cs, nor will it precipitate 
to the extent of Eu in alkaline pore waters.   
 
2.3 Decontamination Methods 
Decontamination techniques can be classified as destructive and non-destructive (or 
high/low impact, physical/chemical removal mechanism) [8]. It is also possible to label loosely 
these groups as physical and chemical decontamination methods, respectively [49]. Non-
destructive techniques have the advantage of preserving cleaned surfaces. On the other hand, 
destructive methods typically have larger decontamination factors because of surface removal. 
High-pressure washing with an ionic solution demonstrates traits from both categories 
depending on the wash pressure. Techniques are compared with decontamination factors (DF) 
or percent removals. A DF is the ratio of the original activity to the remaining activity; e.g. a DF = 
1.11 results from a 10:9 original to remaining activity, or 10% removal.  
Examples of destructive decontamination methods for the urban areas are sand blasting, 
road-planing, surface grinding, and wire brush cutting. Sandblasting was very effective, but waste 
containment, cleaning rate, and the requirement of skilled workers make it nonideal for 
immediate response [50, 51, 49]. Road-planing, removing part of the road surface layer, of 
varying thicknesses (6-25 mm) were tested for feasibility of remediation [52]. Like sand blasting, 
road-planing requires capture of air-born material. Also, modifications are needed to the road 
planar (e.g. lead shielding) for worker radiation protection or remote operation. Wire brush was 
half as effective as grinding, but less surface ablation occurs and it costs less [52, 53].  
High-pressure washing covers a wide range of pressures: water jet cutting (~ 50,000 psi), 
hydroblasting, hydrolasing (~ 15,000 psi), high-pressure spraying (e.g. power washing) or fire 
hosing [49]. Increasing the flow and/or pressure increases removal of soluble or tightly bound 
contaminants [49]. In the power-washing industry, cleaning units (CU) quantify the effectiveness 
of a method, and equal the product of pressure [psi] and flow rate [GPM] [54]. Based on the 
material and contaminant, an appropriate pressure and flow rate are determined. Lower 
pressure methods, such as fire hosing, are appropriate for non-destructive remediation.   
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Roed et al. (1996) reported results of rooftop remediation in Novo Bobovichi using water 
at 2176 psi with a turbo nozzle and a roof cleaner with a rotating brush (100-116 psi). A 17% 
better DF for Chernobyl contamination, likely Cs-137, was observed with the roof washer over 
the high-pressure turbo nozzle.  However, much of the decontamination was associated with 
removal of solid materials from the roofing, which was comprised of asbestos and wood. Without 
flowrates, the effective cleaning of each method cannot be compared, and wood and asbestos 
are not common in an urban environment.  
Starting mid 1960’s, fire hosing was tested on asphalt and concrete surfaces using sand 
tagged La140 [55, 56]. Particle size, mass loading, material, and nozzle type were varied for 
engineering and full scale systems. Most tests provided a DF > 10, and conditions with large 
particles yielded larger DFs (>>10). Mass loading effects proved unpredictable because of the 
influence of other variables such as surface roughness and particle size. Material with a smoother 
surface gave higher DFs than rough surfaces. Flare nozzle (120-160psi, fan-shape) tests did not 
perform better than standard firehose nozzles (60-75psi, cone shape) except for roof 
decontamination.  
Missing from the 1960’s tests was the consideration of chemical interaction of the 
contaminant with the roadway material. Studies by Warming (1982 & 1984) evaluate the 
effectiveness of removing Rb, Ba-La140, and Ru after varying periods of weathering with a fire 
hose. The weathering, a non-destructive technique, did not result in effective decontamination. 
Even after fire hosing, DF were less than 1.3 [57, 58]. Weathering itself has been determined too 
slow and ineffective [51]. More recent reports by the U.S. EPA (2012 & 2015) start to characterize 
the different parameters for washing down urban surfaces [59, 60].  
In addition to hosing down roads and buildings, other non-destructive methods are debris 
removal, use of street flushers and sweepers, stream/dry vacuums, fixatives, and ionic exchange 
solutions. Debris removal and street sweepers are for dry contamination, but have been used to 
effectively decontaminate concrete and asphalt streets in Europe [51, 61]. More recent studies 
focus on fixatives and ion exchange/chemical capture technologies, especially for wet deposition.  
When immediate decontamination is not possible, applying fixatives minimizes the 
transport of contamination via air, water, and traffic [62]. Fixatives take many forms: clay layers, 
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acrylics, foams, and gels. Focusing on the latter three, fixatives are applied via spray or paint 
brush/roller [62]. Foam fixatives have the advantage of expanding into the porous regions deeper 
in the building material. A study of gel technologies available for an RDD event was completed in 
2013 for wet contamination [63]. Cs was tested on concrete, marble, granite, and asphalt 
coupons, and results ranged from 46%-90% removal (good performance). The downside to gels 
are moderate cleaning rates and costs. For example, the lowest cost was $3.00/m2 and fastest 
cleaning rate was 10 m2/hr for ASG, but other options were upwards of $75/m2 and rates of 
1m2/hr.   
The Argonne Wash Aid (0.5 M NH4Cl, 1 mM sodium dodecyl sulfate), most recently known 
as IWATERS was also studied [63], followed by purifying the contamination solution with 
vermiculite clay. After three mixing periods of 15 minutes with a 5-minute settling time (each 
with fresh clay) the total removal was between 83% and 92% of Cs [63]. The Wash Aid removed 
36% of Cs from asphalt and 24% for concrete. The author notes these numbers were approximate 
because of the large standard deviations. Studies using ionic wash solutions date back to Sandalls 
in 1987, who compared NH4+, K+, Na+, and Ca2+ exchange effectiveness and extended the results 
to a spray test using 0.05 M NH4NO3 [50]. Sandalls noted the benefits of ion exchange, including 
broad applicability (cation contaminants) and simple operation.  
Kaminski et. al conducted studies on the effectiveness of NH4Cl ionic wash solution by 
static and flow application [17]. A concrete aggregate was tested with varying concentrations of 
NH4Cl, and found that above 0.2 M led to minimal increases in DF. However, when the tests were 
applied to building coupons (described Ch. 3, Fig 3.1) a significant increase in DF was observed 
between 0.1 M and 0.5 M solutions. Dry contamination via CsCl powder gave DF factors 15-20 
even with a tap water solution. Wet Cs contamination gave a DF about 1.2. Because it represents 
a worse-case scenario, wet deposition of cesium was chosen for the HUDEX experiments 
described in this thesis.  
 
2.4 GoldSim Model 
GoldSim is software that is capable of probabilistic and deterministic simulation with an 
easy-to-use interface. GoldSim is used by a variety of research institutions and commercial 
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groups across more than 10 countries such as DOE, NRC, and NASA [64]. GoldSim is comprised of 
“elements” (general description Table 2.1), which when linked together can model complex 
scenarios. External programs can be linked to GoldSim, proving further its utility.  
An application of the GoldSim Contaminant Transport (CT) software in the nuclear field is 
development of interim storage strategies. GoldSim has been used as a tool for a safety 
assessment of a high-level waste (HLW) geological repository in Korea [65, 66]. Many 
compartment models are developed to evaluate “near and far-field transport”, biosphere, and 
source-term. Effects of natural events and decisions on groundwater flow are calculated. Along 
a different vein, an “Execution Strategy Analysis” accounting for financial and science 
uncertainties was created for used nuclear fuel and HLW [67].  GoldSim has also been used to 
validate RESRAD software, a tool for determining dose of an environment to ensure radiological 
safety limits are met as defined by the NRC  [68].    
In a 2016 study, experiments were performed to validate a GoldSim model for the 
proposed sand/clay bed system with Cs-137, Sr-90, and Eu-152 [20].  Good correlation was found 
between the simulated and experimental elution curves. The key element in the model is the 
Aquifer, which models flow in pipes, rivers, and unsaturated vertical columns [64]. For the 
recycling of a used wash solution, it models the partitioning of the radionuclides between the 
sand/clay bed and the fluid. This section outlines the structure of an Aquifer element and 
simplifies the governing equations from the GoldSim CT Manual using system conditions and/or 
assumptions.  
An Aquifer is an element that creates a series of Cells (Fig 2.1) connected by mass flux 
links based on user inputs [69]. This connection of cells is referred to as “cell net pathway”. The 
starting mass balance equation for a cell net pathway (including the Aquifer) is 
𝑚ᇱ௜௦ =  −𝑚௜௦𝜆௦ +  ∑ 𝑚௜௣𝜆௣𝑓௣௦𝑅௦௣ ൬
஺ೞ
஺೛
൰ே௉ೞ௣ୀଵ + ∑ 𝑓௖௦
ேி೔
௖ୀଵ + 𝑆௜௦ , (1) 
where mis is the total mass in Cell i of species s, mip is the total mass in Cell i of parent p, NPs is 
the number of parents in the system, fps is the fraction of the parent p that decays into species s, 
Rsp is the number of moles of s produced per mole decayed of parent p, As is the molecular weight 
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of species s, Ap is the molecular weight of parent p,  NFi is the number of mass flux links for species 
s, m’is is the rate of mass leaving Cell i, λs and λp are decay constants for s and p, fcs is the mass 
flux into Cell i of species s through link c, and Sis accounts for “external” source inputs [69]. The 
R, f, and ratio of activities in the second term represents the total mass of s produced from parent 
p; they become irrelevant shortly.  
The first term represents chemical and/or radiological decay of s. The second term 
represents generation based on the parent species decay within the simulation. The third term 
is the summation of coupled mass links within the cell series. The final term represents input 
from outside sources, and is uncoupled; the user input flow at the beginning of the Aquifer is 
considered an external source. 
Because the half-life of Cs-137 is two orders of magnitude larger than the longest 
simulation time, the nuclear decay (and first term) can be ignored. There is no chemical decay or 
parents present to create Cs-137. The daughter species are ignored; therefore, the second term 
is also negligible. This leaves a simplified mass balance equation  
𝑚ᇱ௜௦ =  ∑ 𝑓௖௦
ேி೔
௖ୀଵ + 𝑆௜௦ . (2) 
The external source only has a non-zero value for the first cell, specified in the Aquifer 
properties (Eqn. 3).  
𝐼𝑛𝐹𝑙𝑜𝑤 ቂ
𝑚𝑎𝑠𝑠
𝑡𝑖𝑚𝑒
ቃ = 𝐹𝑙𝑜𝑤𝑅𝑎𝑡𝑒 ∗ 𝑀𝑎𝑠𝑠𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛. 𝐶𝑠 (3) 
The other cells have no external source input, but the flowrate of the fluid medium 
influences the advective flow term.  This leaves the mass flux links to be represented for 
advection (Eqn. 4). 
𝑓௔ௗ௩,௦,௜→௝ =  𝑐௜௠௦𝑞 +  ෍ 𝑃𝐹௧ ∗ 𝑐௜௧௦ ∗ 𝑣𝑚௧ ∗ 𝑐𝑝௜௠௧ ∗ 𝑞௖
ே௉்೔೘
௧ୀଵ
 (4) 
 
where in Eqn. 4 cims is the concentration of s in Cell i in medium m, q is the flowrate of the 
medium from advection, and the second term embodies transport from species s adsorbed to a 
suspended solid t. Within the second term, PFt is a “Boolean Flag” that dictates if the suspended 
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solid t can undergo mass transport (1 yes, 0 no), cits is the concentration of s in Cell i in suspended 
solid t, vmt is a velocity factor for mass transport, cpimt is the concentration of suspended solid t 
in fluid medium, and qc is the flowrate associated with the suspended solid. Because there are 
no suspended solids which can partake in advective mass transfer, the second term is zero. The 
only solid in this system is the column infill, which cannot be transferred between cells (PFt = 0 
and/or qc = 0). One situation with suspended solids is the presence of colloids which have 
influence over the equilibrium of a species between the solid and fluid phase. 
The general diffusive mass transfer link is shown in Equation 5. As in the advective mass 
transfer link, we can comfortably assume there is not a suspended solid that can partake in 
diffusive mass transfer. The second term will once again cancel. 
𝑓ௗ௜௙,௦,௜→௝ =  𝐷௦(𝑐௜௠௦ −
𝑐௝௡௦
𝐾௡௠௦
) +  ෍ 𝑃𝐹௧ ∗ 𝐷௦(𝑐௜௧௦ ∗ 𝑐𝑝௜௠௧ − 𝑐௝௧ ∗ 𝑐𝑝௝௡௧
ே௉்೔೘
௧ୀଵ
) (5) 
 
where cjns is the concentration of s in medium n in cell j, Knms is the partition coefficient of 
species s between fluid mediums m and n, and Ds is the diffusive conductance. To be more 
specific, m is the fluid medium in cell i, and n is the fluid medium in Cell j where i and j are 
adjacent. Using these definitions, it is seen that Eqn. 5 allows for differences in the fluid media 
between cells. However, an underlying assumption of this model is negligible difference between 
fluid medium properties within cells; Knms is then unity. The diffusive conductance can be 
calculated with the assumption that cells i and j exhibit similar solid and fluid medium properties 
(Eqn. 6).  
𝐷௦ =
 ஺∗ௗ∗௧∗௡∗௥
௅
, (6) 
where A is the average cross sectional area for diffusion, d is the diffusivity in fluid, t is the 
tortuosity of the porous infill, n is the porosity of the porous infill, r is the reduction factor (unity 
because of assumed column saturation), and L is the diffusive length. Note for the GoldSim 
program, the smaller the tortuosity the more tortuous the path.   
Using the above simplifications and substitutions, the equations for advective and 
diffusive mass transfer for this model are shown in Equations 7a and 7b.  
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𝑓௔ௗ௩,௦,௜→௝ =  𝑐௜௠௦ ∗ 𝐹𝑙𝑜𝑤𝑅𝑎𝑡𝑒 (7a) 
𝑓ௗ௜௙,௦,௜→௝ =  
 𝐴 ∗ 𝑑 ∗ 𝑡 ∗ (𝑛𝑓௦)
𝐿
(𝑐௜௠௦ − 𝑐௝௡௦) (7b) 
 
The only interactions within the column are between the solid medium and fluid medium, 
represented by the partition coefficient. Solubility constraints and time dependent variables are 
not considered in this analysis. For Cs-137, which is soluble in aqueous solution, this is acceptable. 
For Sr and Eu, realistic column interactions could not be modeled without the inclusion of 
solubility calculations.  The partition coefficient of species s is accounted for in the calculation of 
the concentration of s in each cell in addition to the diffusive flux link (Eq. 8). 
𝑐௜௠௦ =  (
௄೘ೝೞ
∑ ௄೒ೝೞ∗௏ெ೔೒
ಿಾ೔
೒సభ
)𝑚௜௦, (8) 
where Kmrs is the partition coefficient of species s between medium m and reference fluid r, Kgrs 
is the partition coefficient for s between medium g and reference fluid r, VMig is the quantity of 
medium g in Cell i, and NMi is the number of mediums in the cell other than m. In the sand/clay 
column, it is assumed there are two media within each cell: the wash solution “fluid” and the 
sand/clay homogenous mixture “infill”. Therefore, NMi will always be one. Taking Kgrs as the bulk 
partition coefficient for the sand/clay mixture and substituting the mass of the infill for VMig, Eqn. 
9 is formed. 
𝑐௜௠௦ =  (
௄೘ೝೞ
௄೒ೝೞ∗(஺∗
ಽ
೙∗ఘ೔೙೑೔೗೗)
)𝑚௜௦, (9) 
where A is the cross-sectional area of the column, L is the length of the column, n is the number 
of cells in the column, and ρinfill is the bulk density of the sand/clay mixture.  
Now the general mass flux equation (Eqn. 1) can be simplified using the advective and 
diffusive fluxes (Eqn. 7a and 7b). The substitutions lead to Eqn. 10a, where the first term is 
advective flux and the second term is diffusive flux. Because the mass transfer links are coupled 
across all cells, the problem is a system of equations equal to the number of cells for each time 
step and can be written in matrix form, pulling the mis term from cims definition (Eqn. 10b).   
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𝑚ᇱ௜௦ =  𝑐௜௠௦ ∗ 𝐹𝑙𝑜𝑤𝑅𝑎𝑡𝑒 +   
 𝐴 ∗ 𝑑 ∗ 𝑡 ∗ (𝑛𝑓௦)
𝐿
(𝑐௜௠௦ − 𝑐௝௡௦) + 𝑆௜௦ (10a) 
𝐦ᇱ =  𝐓 ∙ 𝐦 + 𝐒 (10b) 
Where m’ is the matrix for rate of mass transfer, m is the mass of s, S is the external source 
(only non-zero for Cell 1), and T represents the mass transfer coefficients of the flux links. Because 
all the flux links are proportional to concentration, they are also proportional to the total mass. 
The total mass term is removed to create a linear matrix differential equation. To solve Eqn. 10 
over time, the backward difference method is employed (Eqn. 11a and 11b) to give Eqn. 11c-11e. 
The subscript t and Δt represent a specific time and time step respectively. 
Δ𝑚௧ =  𝑚௧ − 𝑚௧ି୼୲ (11a) 
𝑚′௧ =
𝑚௧ − 𝑚௧ି୼୲
Δt
 (11b) 
𝐦௧ − 𝐦௧ି୼୲
Δt
=  𝐓௧ ∙ 𝐦௧ + 𝐒௧ (11c) 
𝐈 ∙ 𝐦𝒕 − Δt ∗ 𝐓𝒕 ∙ 𝐦௧ − Δt ∗ 𝐒௧ =  𝐦௧ି୼୲ (11d) 
[𝐈 − Δt ∗ 𝐓௧] ∙ 𝐦௧ − Δt ∗ 𝐒𝒕 =  𝐦௧ି୼୲ (11e) 
 
Per the GoldSim CT manual, equations of the form 11e are solved with the Iterative 
Methods Library IML++, version 1.2 that was tailored to the GoldSim software. Because the 
model setting for these experiments were on “high” precision, as many as 10 fractional time steps 
within each time step were used to find the solution.  The solution to the system is only based 
on mass balance of the species. Mass balance for the fluid medium is not calculated, but a 
warning appears if the fluid is not balanced once the simulation finishes.  
A term from Eqn. 3 not clearly defined was flow rate of the wash solution in the sand/clay 
bed (Aquifer element). Flowrate is governed by a combination of the material properties and the 
head height of the wash solution. The bulk material properties are calculated generally by Eqn. 
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12. Defining head height as the different in height between the top (for a vertical aquifer) of the 
inflowing wash solution and the beginning of the infill medium,  
𝜑௕௨௟௞ =   ෍ 𝜑௧ ∗ 𝑥௧
ெ
௧ୀଵ
 (12) 
where φbulk is the value of a generic bulk property, φt is the property for a given infill material, xt 
is the mass fraction of the infill material, and M is the total number of infill components. The 
pressure of the incoming water is dictated by the variable “head height” in the simulation. The 
head height is the height of wash solution before (or on top of) the aquifer. First the velocity of 
the wash solution is calculated with the bulk hydraulic conductivity and the hydraulic gradient 
(Eqn. 13) (Fetter, 2000). This is referred to as ‘watervelo’ function element in the GoldSim model.  
𝑣௪௔௧௘௥ = 𝐾 ∗ 
 ∆ℎ
∆ℎ + 𝐿
 (13) 
  
where vwater is the wash solution velocity, K is the bulk hydraulic conductivity of the sand/clay bed 
infill, Δh is the head height, and L is the length of the infill medium in the aquifer (from here out 
“bed length”). The quotient on the right-hand side defines the hydraulic head for the system. 
Hydraulic conductivity is based on material parameters, and is calculated from Eqn. 12. Material 
properties used for flowrate calculations are detailed in  [20] . It is in this equation the benefit of 
mixing clays with sand is apparent. Under the column operating conditions, vermiculite has a very 
small (order 10-10 cm/s) hydraulic conductivity, and therefore velocity. Sand, having a hydraulic 
conductivity 8 orders of magnitude greater than vermiculite, was added to improve recycling 
rates.  
After finding the fluid velocity, an approximation of the volumetric flowrate was found 
using Darcy’s law (Eqn. 14a and 14b) [70]. According to Jolin (2016), the calculated flowrate from 
Darcy’s Law approximated the experimental velocity within 10% [20]. 
 
𝑄 =  𝐴 ∗ 𝐾 ∗  
 𝑑ℎ
𝑑𝑙
 (14a) 
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𝑄 =  𝐴 ∗ 𝑣௪௔௧௘௥ (14b) 
where Q is the flowrate, A is the total cross sectional area, and dh/dl is the hydraulic gradient. 
Note Darcy’s law assumes laminar flow [70]. The sensitivity analysis parameters for head height 
were not checked for laminar flow; however, given the small bulk hydraulic conductivity of the 
sand/vermiculite mixture, Darcy’s Law was assumed to be valid. Chapter 3 gives the values of the 
simulation variables and any operation nuances.  
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2.5. Figures and Table 
 
Table 2.1 Shown is an element image and a general of element’s function in GoldSim [71]. Compartment 
image is included since the final ‘Model’ snapshot contains five compartments. 
Element Function 
 
Data Input Element: allows user to input 
information in the form of numbers or 
functions  
 
Container: element used to organize model 
for easier navigation and cleaner 
appearance. Contains other elements 
 
Material property elements (fluid and solid): 
user defined or can connect to material 
database. 
 
Expression/Function element: can link 
elements or write stand-alone function for a 
variable or conversion calculation 
 
Reservoir element: source and/or end-point 
of material. E.g. water must flow from a 
reservoir to the aquifer, then out the aquifer 
to a reservoir. 
 
Aquifer Element: CT version specific, acts as 
a “fluid conduit”. 
 
Event elements: track status of user-
specified variables, and pause the simulation 
if trigger conditions are met. A Milestone is 
on the left and an Interruption on the right. 
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Figure 2.1. (a) Different exchange sites for cations. The Cs+ exchange for K+ in clays is largely found in FES 
(b). The Cs+ is too large to replace K+ within an interlayer or edge site, and the hydrated site is large 
enough for hydrated K+. [39] 
 
 
 
 
Figure 2.2. The simulation is paused and the Aquifer is expanded to show all 10 cells. The arrows 
represent the different mass flow links between the cells, advective and dispersive in this case.   
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CHAPTER 3: METHODS AND MATERIALS 
 3.1. HUDEX System 
Brick, concrete, and asphalt coupons, 1” cubes of sample building material, were tested 
(examples in Fig 3.1). Five of the six sides of each coupon were epoxied, with the sixth “clean” 
side for testing. When coupons were first placed in the coupon sample holder (Fig 3.2), they sat 
at different heights because of geometric irregularities. Height differences affect washing 
pressure, so all coupons were cut to 1 inch. The ANL Central Optics shop cut the coupons using 
an Okamoto ACC-8.20DX Surface Grinder with precision wheel balancing @ 1 to 3 microns and a 
Silicon Carbide Abrasive Grinding wheel with 46 Grit [72]. The “clean” side was covered in foil 
and 3M vinyl electrical tape to preserve the surface. 
After the coupons were cut, they were cleaned (10-min ultrasonic water bath), re-
epoxied, and were placed in an environment (either in a humidifier or on a lab benchtop) at 20 
°C and a relative humidity (RH) of 70% for at least 3 days. Coupons were cleaned in a DI water 
ultrasonic bath for 10 minutes in batches of six and laid out on paper towels cut-face up to dry 
overnight. Quick-dry epoxy was applied with a Q-tip on the cut-side. The clean, un-epoxied side 
remained covered.  
Spike solutions were created from working stocks of Cs-137, Sr-85 (05/12/2016, 2 mCi in 
~1 mL solution), and Eu-152 (Eckert & Ziegler Isotope Products, 7/19/2012, 5µCi/5mL, europium 
chloride in 0.5 M HCl) to have approximately 2000 CPM per 200 µL for each radionuclide. Each 
coupon was spiked with 200 µL of the spike solution, which would be a low level of contamination 
in the event of an RDD [17]. In a fume hood, the coupons were placed on clean paper towels, and 
one-by-one a spike solution was spread evenly over the coupon face with a 200 µL pipette. The 
pipette tip was used gently to spread solution droplets across the coupon face immediately after 
deposition. After each deposition, the pipette tip was disposed.  
The coupons dried in the hood until they were visibly dry, or longer (> 1 hr).  They were 
then wrapped with clear, thin, plastic wrap approximately 5 in. by 8 in. Only one layer of plastic 
wrap was on the contaminated face of the coupon, so the contaminated side would be closer to 
the detector surface. The coupons were bagged and individually counted for 5 minutes. All 
coupons were counted on an Ortec GEM-35190-P HPGe detector. Inert square pieces were used 
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to gently press the contaminated face of the coupon against the counting surface to ensure 2π 
solid angle (Fig 3.3.). This gives 50% geometric counting efficiency. The detector and coupon were 
surrounded with lead shielding during measurements to reduce background, partially seen in Fig 
3.3. Coupons were decontaminated 16-24 hours after contamination.  
The HUDEX (High-pressure Urban Decontamination EXperiments) is a unique system 
designed by the engineering department at Argonne. A Ryobi power washer (2000 psi/1.2 GPM) 
was used for decontamination tests. Variables included the HUDEX wand length, spray nozzle, 
cleaning speed, and spray angle of attack. Three different wands (wand spray tip located 15, 27, 
and 33 cm from coupon face) were manufactured for the experiments. The wash solution 
comparison tests for all materials were run 27 cm away from the contaminated surface. The spray 
nozzles (McMaster Carr) were ordered at 0°, 15°, 25°, and 40°; the larger the degree, the larger 
spray fan area. Therefore, a 15° nozzle would cover less area than a 40° nozzle, but clean at higher 
pressures. All decontamination tests used the 40° nozzle. A speed of 5 mm/s was used for 
material and wash solution comparison tests, but 25 mm/s and 50 mm/s were also tested on 
concrete.  
To move the sample and/or pressure plate, a computer controlled servo system from 
Aerotech was used. Two motors were located under the HUDEX (Figure 3.4) which controlled the 
X and Y coordinates of the plate holder. The parameters matching the HUDEX axes were pre-
programmed into the Aerotech Ensemble Parameter File. Prior to HUDEX final assembly, the 
motors were tested by writing code in the Ensemble motion composer. Although speeds of 75 
mm/s were reached, sometimes the program would give an error. Gravitation resistant in the 
vertical orientation likely pushed the motors beyond their capacity. During normal operating 
conditions, the motors were horizontal, but for learning Motion Composer the motors were at 
90°. A speed of 50 mm/s was consistently reached for each motor, and therefore set as the upper 
limit for the decontamination tests.  
An attempt at calibrating the pressure prior to decontamination tests was made, but to 
no avail. The pressure was measured using a pitot hole (also known as pitot tube). On the side 
not show in Figure 3.4, a pressure gauge is connected to the base of the HUDEX (Figure 3.5). 
When testing pressure, the sample holder is exchanged for a pressure plate (Fig 3.6). The 
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pressure plate has 4 different holes, one per side, of diameters 0.040 in., 0.080 in., 0.120 in., and 
0.160 in. A 5-ft tube connected the pitot hole of interest to the side pressure gauge of the HUDEX.  
Only the 0° nozzle showed non-zero pressure readings, and the position of the pressure 
plate had to be manipulated during testing to find the maximum pressure output. Furthermore, 
with the large pitot hole and 0° nozzle, spray was observed coming out of the hole. The smallest 
pitot hole gave a pressure more than 400 psi greater than the largest pitot tube for the 15-cm 
wand. Based on the yellow throttle pressure (yellow throttle circled Fig. 3.4), the 0° nozzle 
pressure, and an estimated fan pattern area, ~1 psi pressure was estimated. It was concluded the 
pressure gauge was of an incorrect range (0-600 psi), and a new gauge was purchased (0-100 
inches of water, inAq (± 1 inAq)).  
The new pressure gauge successfully read the pressures. For each wand and nozzle 
combination, the center of the fan pattern, the edge of the fan pattern, and the quarter positions 
were measured. The first measurements used a 0.120 pitot hole. The other pitot tube diameters 
were tested, and the smallest pitot tube gave the best results. All fan patterns were characterized 
with the 0.040 pitot tube. 
Each time a nozzle or wand was changed, the fan alignment was confirmed. To change 
the wand, the HUDEX was tipped 90° and four screws securing the wand were undone. Following 
that, the wand fixture was removed from the HUDEX chamber, wands were exchanged, and the 
wand fixture was reconnected. If the nozzle did not line up with the x-axis, small changes to the 
nozzle or wand tightness were made. Two people were required for pressure calibration. One 
person operated the computer and high-pressure washer, and the other recorded the pressure 
gauge readings.  
To load the coupons, the chamber was opened and the coupon sampler was wiped of any 
residual liquid. The coupons were fixed by tightening a screw on the exterior of the coupon 
sampler, pinning them in place, and their positions were recorded. The coupons needed to sit 
flat for the testing. The chamber was closed and then the electronics were turned on. For safety 
reasons electronics were unplugged while working in the HUDEX chamber.  The tap water was 
turned on early to provide ample time for the power washer to build up pressure.  
25 
 
The sample plate was sent to its home position with the ensemble code. If the sample 
plate was not first placed in the home position and acknowledged by the software, the 
coordinates would lose meaning. Only distance traveled would be recorded. After setting to 
‘home’, the coupons were moved into the correct y-axis position, but offset from the wand in the 
x-axis. The y-axis ran parallel to the fan pattern and x-axis perpendicular. About five seconds after 
opening the yellow throttle, the power washer was turned on. The ensemble code was 
immediately started, which moved the sample holder along the x-axis at a constant rate, cleaning 
the coupons.  
The water was immediately shut off once the code finished, followed by shutting off the 
power. The vessel was opened, and the coupons were unloaded one at a time. Each coupon was 
dabbed with a lint-free wipe along the sides to remove excess liquid since results could have been 
altered if liquid containing contaminants was reabsorbed by the drying coupons. After removal 
from the chamber, the coupons were dried on a benchtop overnight (or at least 2 hours). They 
were wrapped, bagged, and counted within a few days. Each test took about 20 minutes, 
excluding coupon drying and bagging time. 
At the end of each run, the HUDEX chamber was tipped so that liquid collected in the 
bottom could be disposed through the bottom drain. There was a waste collection container 
under the HUDEX system into which the waste solution was fed. A GoldSim sand/clay column 
was modeled with an estimated concentration, and a column was built to clean the tap wash 
solution.  
There were 11 different HUDEX runs varying material, pressure, rate of cleaning, and 
wash solution (detailed earlier).  Each test was performed in triplicate; 21 concrete, 6 asphalt, 
and 6 brick coupons were required. Tests were performed in the following order: tap water 
concrete, tap water asphalt, tap water brick, 25 mm/s concrete, 50 mm/s concrete, long wand 
concrete, short wand concrete, KCl asphalt, KCl concrete, KCl brick.  
For ionic solution tests, it was first attempted to feed a saturated KCl solution through the 
soap dispenser attachment to the Ryobi power washer. Because the soap dispenser can only be 
used for low-pressure washing, this did not work. Instead, a utility pump (Wayne WWB 
WaterBUG, max flow 20.1 GPM) directly fed KCl solution into the power washer. This eliminated 
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the need for a saturated KCl feed solution, and thus allowed better control of the inflowing KCl 
concentration.  
The nominal 0.5 M KCl solution was made with tap water and Nature’s OwnTM Potassium 
Chloride Cubes. Assuming a run time of two minutes for each KCl test, 7 gallons (~26.5 L) of KCl 
solution was needed. Using a molar mass of 74.5 g KCl/mole, 987 g KCl was required for 26.5 L of 
nominal 0.5 M KCl solution. To make the solution, two 5-gallon buckets were washed with dish 
soap and rinsed with tap water. Each bucket was filled with approximately 13.25 L of room 
temperature tap water and 493.5 grams of KCl cubes. The buckets were stirred for 15 minutes to 
help the cubes dissolve before settling overnight.  Because Kds for the three radionuclides with 
vermiculite in 0.5 M KCl solution have not been established, the used KCl wash solution was 
evaporated. 
Statistical significance between data sets was calculated with Microsoft Excel by 2-tailed 
paired t-tests. For the distance tests, t-tests between 15 and 27 cm, 27 and 33 cm, and 33 and 15 
cm were calculated. Speed test t-tests were between 5 and 25 mm/s, 25 and 50 mm/s, and 50 
and 5 mm/s. Ionic and tap water comparisons were paired by material and radionuclide. Error 
for each data set average was the sample standard deviation of the data points (Microsoft Excel 
function).  
 
3.2. Grind Test  
The procedure for the grind tests was developed previously [48]. 320 grit (3M Professional 
grade) sand paper was cut into 11.5 cm x 5 cm strips. Each grinding required 20 strips of sand 
paper, one per layer removed. Twenty-two strips of office tape about an inch long were cut and 
placed along the edge of the secondary where the coupon was ground (Figure 3.7). A caliper with 
certainty to 0.01 inch was used to measure each coupon’s dimensions before and after the tests.  
The steps of each grinding are: weigh the coupon and sand paper strip (Mettler Toledo AG204 
scale with 0.1 mg certainty), grind coupon 10 times back and forth pressing into the sand paper, 
re-weigh the coupon and the sand paper strip, wrap and tape the paper, and place the paper in 
a pre-labeled gamma tube.  
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When grinding the coupon, a centimeter was left on the far and near sides of the paper 
to make rolling the paper easier. For the same reason, approximately a half centimeter was 
untouched by grinding on each side of the sand paper. It was very important to roll the paper 
tightly, otherwise it would not fit in the 0.5” x 3” gamma tubes. To minimize error from geometric 
effects, all the samples needed to be sitting at the bottom of the gamma tube. By wrapping the 
samples very tightly, the rolled paper would fall to the bottom of the tube. In some cases, a tool 
was used against an uncontaminated side to push the sample to the bottom. Samples were 
placed in a Perkin Elmer Minaxi γ Auto-Gamma Counter Model A5550 and counted for either 30 
minutes (C748) or 1 hour (C747 & C751) each to minimize counting error. C748 was ground one 
month after decontamination, and C747 and C751 were ground three months after 
decontamination.  
The results are shown as fraction of activity remaining vs. depth. To calculate the percent 
remaining after grind tests, the coupon counts after the test were divided by the coupon counts 
before the test. Subtracting this fraction from one gives the fraction of activity removed during 
the grind tests. Total activity removed from the grind tests was calculated by summing all the 
grind layer counts. The fraction of total activity removed per grind layer was calculated by 
dividing the grind layer counts by the total counts. Then, for each grind layer, the fraction activity 
removed was calculated by multiplying the fraction removed during grind tests by the fraction of 
counts removed for that layer. The fraction of remaining activity is one minus the sum of activity 
fraction removed from all previous grind layers.  
 
3.3. GoldSim Model 
The theory behind the GoldSim CT model and variable calculations was detailed in Ch 2. 
This section provides any necessary model inputs, model images, and observations while 
modifying the model. 
First, after learning the basic functions of GoldSim CT, the simulations from [20] were 
repeated. While repeating the simulations, two discrepancies were found. The first was data 
input for concentration was units of mass concentration. Because a mass-to-activity conversion 
was created in the exported file, the net trend was different. In response, the model was modified 
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to have inputs and outputs in activity concentration. This was accomplished by changing the units 
on the data input element and including two function elements: the first to convert activity-to-
mass concentration for the Aquifer and the second for the inverse conversion following the 
Aquifer. 
The second change was less involved, and was identified with the help Dr. William Jolin. 
While trying to repeat the simulations, the quoted experimental column length was defined as 
the bed length. However, the bed length referred to the length of the column infill, which was 
not the same as column length. Because the experimental column also had a 5-cm head of liquid, 
the bed length was smaller - only 18 cm. With both changes, the results were duplicated 
successfully. 
The next step was to expand column parameters for field-scale applications. Before 
performing the sensitivity analysis, the model was fine-tuned. With the assumption that 
concentration stays constant, the “spike” portion of the simulation was removed. The addition 
of milestone and interruption elements stopped or paused the simulation for manual sensitivity 
analysis. However, their purpose changed once GoldSim’s sensitivity analysis tool started being 
used. The sensitivity analysis tool requires an element link for the results, therefore the 
“ResultsExporter” compartment and milestones representing breakthrough percentages were 
created (Fig 3.8). Also, each percentage milestone was used to define elements calculating the 
total volume of solution processed. As discussed in Ch. 2, the theoretical capacity of a clay was 
defined by its CEC. A series of elements was included to calculate the available exchange sites 
and ensure the adsorbed Cs did not exceed 10% of the column’s theoretical capacity. Finally, for 
ease of use, elements cluttering the ‘Model’ window were placed in newly created compartments 
(Fig 3.9). 
 The sensitivity analysis tool is found in the Run menu, and the input window shown in Fig 
3.10. Required inputs are a result element, an upper and lower bound for each variable, a 
centroid value, and the number of points (lower right Fig 3.10). Constant parameters for the two 
different sensitivity analyses are provided (Table 3.1), along with necessary material properties 
(Table 3.2). Variable input values are given in Table 3.3.  
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Because breakthrough definition will vary based on circumstances (e.g. high vs. low 
concentration feed), multiple percentages were used: 1%, 5%, 10%, 25%, and 50% of initial 
concentration Cs-137 in outflow. A sensitivity analysis was run for each definition for elution time 
(Milestone) and total volume (corresponding Fx). Therefore, a window such as Fig 3.10 was run 
ten times, changing the result element of interest each time. The results were manually 
transferred to an excel file. It is possible to program automatic result export in GoldSim, but a 
simple method was not found for the sensitivity analysis.   
 
3.4. Figures and Tables  
 
 
Figure 3.1. Example set of coupons; these are the coupons drying overnight after the 0.5 M KCl 
decontamination test. 
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Figure 3.2. HUDEX system interior. Coupon sample holder is in place, and middle length wand.  
 
 
Figure 3.3. Detector set-up for counting coupons. A lead lid for shielding is placed over the top before 
counting. 
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Figure 3.4. Entire HUDEX including power washer, computer, and orange bucket and hose used for KCl 
solution tests.  The red circle shows the wand, which when the lid is closed would point straight down. 
The yellow circle highlights the yellow throttle position, where the wash solution passes prior to 
entering the vacuum chamber.  
 
 
Figure 3.5. Pressure gauge for initial pressure calibration trials, ranged 0 to 600 psi.  
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Figure 3.6. Pressure plate connected to the side pressure gauge with the black tube for a pressure test. 
Each pitot tube is circled in red, with the largest pitot tube at 12 o’ clock, and descending in diameter 
moving counter-clockwise.  
 
 
 
Figure 3.7. Grind test set-up on a benchtop. One gamma tube per layer of grinding, and paper in the 
contamination area to record masses.  
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Figure 3.8. Inside of ResultsExporter Compartment. The Milestones (red diamonds) represent the 
various definitions of breakthrough time. The Milestone time multiplied by the flowrate is the total 
volume; this defines the expression (Fx) column. The furthest left column is verification that the Cs-137 
retained on the column does not exceed realistic behavior (conservatively defined as 10% cation 
exchange capacity usage). 
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Figure 3.9. Final GoldSim Model window used for sensitivity analyses. The interruption element in the lower right was disabled, but was 
previously used to stop simulation at certain elution percentages based on a conditional statement trigger link. 
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Figure 3.10. Sensitivity Analysis Window in GoldSim for a finished trial. During analysis, when variables 
were not tested, they were set to their central values.   
 
 
Table 3.1 Inputs for both sensitivity analyses. Mass amounts only serve to dictate ratio and solid 
material properties. The Aquifer calculates the necessary mass of infill material based on the length and 
cross sectional area. 
Sensitivity Analysis 1  Sensitivity Analysis 2  
Length = 150 cm Length = 150 cm 
Mass Sand = 180 g Head Height = 50 cm 
Mass Vermiculite = 20 g Diameter = 107.6 cm 
Concentration Cs-137 = 0.0001 μCi/L Concentration Cs-137 = 0.0001 μCi/L 
Ratio Sand to Total Mass = 0.9 Kd Vermiculite = 202 mL/g 
  Kd Sand = 1.96 mL/g 
 
 
Table 3.2 Material properties of sand and vermiculite [20]. 
 Density [g/cm3] Hydraulic Conductivity [cm/sec] Porosity 
Sand 1.8 0.03 0.6 
Vermiculite 1.1 1 x 10-10 0.58 
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Table 3.3 Variable inputs for both sensitivity analyses, number of points was 11. 
 Lower limit Central value Upper limit 
Sensitivity Analysis 1    
Kd Sand [mL/g] 0.3 1.96 10 
Kd Vermiculite [mL/g] 30 202 1000 
Head Height [cm] 1 50 100 
Diameter [cm] 2.54 100 700 
Sensitivity Analysis 2    
Sand Mass Fraction 0.01 0.5 0.99 
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CHAPTER 4: RESULTS 
4.1. HUDEX Coupon Decontamination 
 The pressures of the different spray configurations are given in Table 4.1. Changing the 
pitot hole diameter from 0.120 in. to 0.040 in. with the 40° nozzle and longest wand gave a 
twofold increase in pressure (from 1.08 psi to 2.17 psi).  For the farthest distance (33 cm), only 
the 15° nozzle had a measurable pressure. Similarly, the 40° nozzle was only characterized at the 
closest distance. Only an edge reading could be obtained for the middle distance. The highest 
pressure was observed with the 15 nozzle and closest distance (8 to 9 psi). 
Of concern was the pressure drop relative to the rated pressure (2000 psi) of the power 
washer. The theoretical pressure drop resulting from elevation changes, tubing friction, and 
nozzle degree was evaluated. Pressure losses due to elevation are at most 2 to 3 psi (before 
yellow throttle) and from tubing friction approximately 10 psi after the yellow throttle. With 15° 
and 40° nozzles, respectively, 70% and 88% of the pipe pressure would be lost [73]. Including all 
losses and a yellow throttle reading of 1200 psi (lower end), the output pressure would be 142 
psi with the 40° nozzle.  
For the control test (27 cm cleaning distance, 5 mm/s), percent removals are shown in Fig 
4.1. Sr-85 on asphalt removed most readily (58.8%), and Cs on asphalt showed least removal 
(6.2%). Cs in solution underwent more chemical interaction with micaceous materials in the 
coupons so it was not surprising to see little removal of Cs. Eu may precipitate under the wash 
conditions, and therefore may not be removed except as solid material. Sr has a high solubility 
but does not interact as readily as Cs with the building material, which can lead to higher percent 
removals. Most percent removals translated to DFs between 1.05 and 1.5.  
Tests varying cleaning distance showed the highest average removal percentage for the 
closest distance, 15-cm from wand spray-tip to coupon (Fig. 4.2). The 33-cm distance yielded 
greater average percent removals for Cs and Sr than the 27-cm cleaning distance. However, the 
difference was not statistically significant. Table 4.1 indicates the middle and farthest distances’ 
sprays had immeasurably small pressures with the 40° nozzle. Significantly larger percent 
removals were achieved for Cs and Sr for the closest distance compared to the other wands 
except for Eu where no significant difference was measured. 
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Comparing the cleaning rate on concrete coupons, decontamination appeared better for 
the 25 and 50 mm/s vs. the 5 mm/s test (Fig 4.3). During the 50 mm/sec test, the wand was off-
center by 68.25 mm. The y-axis motor was accidentally shifted a second time from the home 
position. It is possible the slight increase in pressure for the 50 mm/s test neutralized effects of 
cleaning at a faster speed. T-tests showed insignificance between all three speeds for all 
radionuclides.  
 Figure 4.4 shows the results of the tests with nominal 0.5 M KCl solution with the middle 
distance and 40° nozzle. The maximum observed decontamination factor of the entire test series 
was 84.6% removal of Sr-85 from asphalt. Every radionuclide had a p-value (from t-tests) of less 
than 0.04 except Cs-137 on brick and Eu-152 on concrete. Apart from Eu-152 on concrete, the 
percent removals increased with the KCl solution. Average percent removals with error and t-
test details for all experiments are in the Appendix (Tables A.1 and A.2). 
 
4.2. Grind Tests  
The depth profiles for concrete coupons C748, C751, and C747 are shown in Figures 4.5 
through 4.7. Each coupon was profiled to a total depth between 17 and 40 µm. The grind test 
method assumes a uniform thickness is removed from every part of the coupon, which is only 
accurate for flat surfaces. Noticeable surface irregularities were present on all coupons (e.g. C751 
had a valley). 
Each coupon shows an immediate decrease in the Eu activity. Comparing C748 (Fig. 4.5) 
and C747 (Fig. 4.6), the relative decrease in Eu activity vs. depth was similar. This phenomenon 
was also observed for C751 (Fig 4.7), although cannot be compared because negative fraction 
activity removals were calculated. The fraction activity removal was calculated as the difference 
between initial and final coupon counts for each radionuclide divided by initial coupon counts. 
The raw counts for C751 were about five times smaller than C747 and C748. Sr had a smaller 
magnitude of counts because the data were not activity corrected – however, for relative fraction 
removal analysis correction was unnecessary. Sr fraction of activity remaining at the end of each 
grind was highest, although Cs showed comparable behavior. Between the one month and three 
month tests (C748 vs. C747), Cs and Sr both appear to penetrate less into the surface with time.  
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4.3. GoldSim Sensitivity Analysis 
Ideally, the disposal of HUDEX tap-water waste solution through a sand/clay column 
would have been compared to a GoldSim model. However, the radionuclide concentrations from 
HUDEX waste were too low (~10-4 µCi/L). Calculations to estimate the concentration of the three 
radionuclides in the used wash solution were completed using the volume of solution per test 
and the percent removal. GoldSim calculated parameter requirements for a sand/clay recycling 
column were minimal.  
Sensitivity analyses were performed ‘manually’ (one trial at a time) and with GoldSim’s 
sensitivity analysis tool. Two parameters not tested and/or calculated using GoldSim’s tool were 
concentration and bed length relating to material efficiency. For the bed length sensitivity 
analysis, material efficiency was defined as the ratio of total volume of processed wash solution 
prior to breakthrough and mass of column infill.  The elution time was independent of changes 
in concentration. Therefore, the Cs-137 concentration for sensitivity analyses was selected to 
approximate those of a wide spread remediation with hosing. Material efficiency was determined 
with the ratio of infill material-to-volume of solution processed. Bed length changed the amount 
of material without affecting any other model parameters. Increasing bed length increased the 
material efficiency until a maximum was reached; any increases thereafter gave the same 
efficiency. Also, increased bed length led to longer breakthrough times.  
The remaining tests were performed with the GoldSim sensitivity analysis tool to evaluate 
changes in elution time and total volume of processed wash solution. Variables of interest were 
Cs Kd in vermiculite, Cs Kd in sand, head height, diameter, and bulk Kd (“effective Kd”). Linear 
relationships (R2 = 1) were observed between breakthrough time and Cs Kd in vermiculite (Fig 
4.8), Cs Kd in sand (Fig 4.9), and effective Kd (Fig. 4.10). Like breakthrough time, the total volume 
of solution processed yielded linear relationships vs. Cs Kd in vermiculite (Fig. 4.11), Cs Kd in sand 
(Fig 4.12), and effective Kd (Fig. 4.13). Head height directly affected flowrate (Fig. 4.14) but not 
column capacity (Fig. 4.15); the same wash volume was cleaned in less time. Breakthrough time 
was independent of diameter (Fig. 4.16), but a quadratic relationship was observed between the 
total volume and diameter of the column, assuming a cylindrical column (Fig 4.17). As the mass 
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ratio of sand increased, the flowrate increased, but the total volume of wash water processed 
before breakthrough decreased. Breakthrough time and total volume wash solution processed 
increased with decreasing sand mass fraction (Fig. 4.18, 4.19). The trends in Fig. 4.18 through 
4.21 had non-linear relationships owing to the multiple parameters that the composition of the 
infill affects. Effective Kd plotted on the x-axis during sand mass fraction sensitivity analysis 
yielded direct relationships with breakthrough time (Fig. 4.20) and total volume wash solution 
process (Fig. 4.21).  
Because the ‘Above 10 Percent CEC’ Interruption’ element never triggered, the CEC 
occupation was below 10%. Because real systems do not behave ideally, or perfectly, it was 
assumed a maximum of 10% of the cation exchange sites could be occupied. To ensure the model 
operated realistically, the interruption was added to give the user a warning if the limit was 
exceeded.  Because of the low initial concentration of Cs vs. the amount of sand/clay infill, low 
occupation was unsurprising.  
Zero-values occurred during the GoldSim sensitivity analysis because of limited simulation 
time. For example, the time to reach 25% and 50% of the initial Cs-137 concentration in the 
eluent was larger than the simulation time for a sand mass fraction of 0.10. As the sand mass 
fraction decreased, the flow of the column decreased and the effective partition coefficient 
increased. Both result in an increase of the breakthrough time, and in this case, the required time 
was greater than 100 days. At this point the column loses its effectiveness as a quick wash 
solution recycling method. 
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4.4. Figures and Table 
Table 4.1. Pressures of the different wand and nozzle configurations by position along the fan pattern. 
The pressures were recorded with the 0.040 inch pitot hole.  
nozzle 
degree 
Distance from 
surface [cm] 
Pressure 
Yellow throttle center spray Quarter points edge 
15 15 1350 psi 9 psi 8-8.5 psi 8.5-9 psi 
15 27 1350 psi 0.72 psi 0.72 psi  0.72 psi 
15 33 1350 psi 0.32 psi 0.40 psi  0.40-0.42 psi 
25 15 1350 psi 5 psi 5 psi 7.5 psi 
25 27 1350 psi 0.32 psi 0.36 psi 0.40 psi  
25 33 1350 psi ----- ----- ------ 
40 15 1350 psi 2.17 psi 2.89 psi 8-9 psi 
40 27 1350 psi ----- ----- 0.054 psi 
40 33 1350 psi ----- ----- ------ 
15 15 1100 psi 5.5-6 psi ------ ------ 
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Figure 4.1. Percent removals by decontamination using tap water, 40° nozzle, and 5mm/s with the 
middle-length wand. 
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Figure 4.2. Decontamination results using tap water, 40° nozzle, and 5 mm/s for three different wand 
lengths leading to a wand tip-to-coupon distances of 15, 27, and 33 cm. The longest wand (15-cm wand 
tip-to-coupon distance) yielded significantly higher percent removal compared to the middle and 
shortest wand lengths, especially for Cs-137. The middle and shortest wand lengths were not 
significantly different.   
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Figure 4.3. Decontamination using tap water, middle wand length, and 40° nozzle varying speeds. The 
50 mm/s test was off-center, but still showed appreciable decontamination percentages. 
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Figure 4.4. Decontamination using the approximately 0.5 M KCl solution, middle wand, and 40° nozzle.  
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Figure 4.5. Results from grind test on C748 one month after decontamination. The order, from least to 
most, of surface penetration was Eu < Cs < Sr. 
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Figure 4.6. Grind test result of C747, three months after decontamination. Eu-152 yielded the most 
activity near the surface. Increased surface penetration compared to Eu was observed for Cs and Sr. 
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Figure 4.7. Grind test result of C751. ‘Fraction of Activity Remaining’ is percent remaining relative to the 
total activity removed during the grind test, instead of initial coupon counts. 
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Figure 4.8. Plot of the Breakthrough time vs. Vermiculite Kd. Linear Fit, R2 = 1. 
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Figure 4.9. Plot of the Breakthrough time vs. Kd of Sand. Linear Fit, R2 = 1. 
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Figure 4.10. Plot of the breakthrough time vs. effective Kd of the solid infill of the column. Linear Fit. 
There are more points concentrated in the range ~16-30 because all 13 points from the sensitivity 
analysis for the sand Kd were in this region.
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Figure 4.11. Plot of total volume of cleaned wash solution vs. Kd of vermiculite. Linear fit yielded R2 = 1. 
The slope of the linear fit was equal to the flowrate [L/day] multiplied by the slope of the linear fit from 
Fig 4.8. Because total volume processed is approximately equal to the product breakthrough time and 
flowrate, the relationship between the slopes was reasonable.    
 
47 
 
0 2 4 6 8 10
20000
30000
40000
50000
60000
70000
 1% initial concentration
 5% initial concentration
 10% initial concentration
 25% initial concentration
 50% initial concentration
To
ta
l V
ol
um
e 
(L
ite
rs
)
Partition Coefficient Sand for Cs-137 (mL/g)
 
Figure 4.12. Plot of total cleaned volume of wash solution vs. sand Kd. The slope proportionality 
relationship between Figures 4.8 and 4.11 was also observed between Fig 4.12 and Fig 4.9. 
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Figure 4.13. Total cleaned volume of wash solution vs. effective Kd. The fitted linear relationship (R2 = 1) 
was proportional to the linear fit for Breakthrough Time vs. Effective Kd (Fig 4.10) by the flowrate.  
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Figure 4.14. Plot of elution time vs. head height. The relationship was slightly quadratic, but a linear fit 
still yielded R2 =0.9803. 
 
 
0 20 40 60 80 100
20000
25000
30000
35000
40000
45000
50000
55000
60000
 1% initial concentration
 5% initial concentration
 10% initial concentration
 25% initial concentration
 50% initial concentration
To
ta
l V
ol
um
e 
(L
ite
rs
)
Head Height (cm)
 
Figure 4.15. Total volume of cleaned wash solution vs. head height. Horizontal line indicated the total 
volume of processed wash solution was independent of the head height. 
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Figure 4.16. Plot of elution time vs. column diameter. The horizontal line indicates elution time was 
independent of the diameter. 
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Figure 4.17. Total volume of cleaned wash solution vs. diameter. Data was fit to a quadratic (R2 = 1) with 
intercepts at the origin. 
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Figure 4.18. Breakthrough Time vs. Sand Mass Fraction. The data reflected the rapid decrease in 
effective Kd as the amount of vermiculite in the solid sand/clay bed decreased.  
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Figure 4.19. Total Cleaned Volume vs. Sand Mass Fraction. Nonlinear relationship, but linear may be 
approximated for smaller x-axis ranges. Lower left zero values occurred when breakthrough was not 
achieved because of insufficient simulation run time (100 days).  
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Figure 4.20. Elution Time vs. Effective Kd for infill composition changes. The zero values near 180 mL/g 
were a result of insufficient simulation run time. 
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Figure 4.21. Total Cleaned Volume vs. Effective Kd for infill composition changes. The zero-values at the 
higher values of Effective Kd were for the same reason as Figures 4.19 and 4.20.    
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CHAPTER 5: DISCUSSION 
5.1. HUDEX Coupon Decontamination 
Pressure increased with decreasing nozzle angle and distance to the coupon face (Table 
4.1). This followed theoretical predictions. While the increased pressure along the edge was not 
predicted, during decontamination tests the edge of the fan pattern appeared more defined than 
the center.  As the nozzle degree increased, the pressure differences along the fan pattern 
became more pronounced. An order of magnitude smaller than expected, the observed pressure 
is also smaller than previous literature. For a 2,100 psi/2.2GPM power washer using a pressure 
transducer at 22.5 cm (10 inch) away from target and 25° nozzle, the observed pressure was 4.15 
psi [60]. However, unlike the pressure measurements with the pitot tube, the fan was normalized 
over a square inch, decreasing the observed pressure. For comparison, with the 25° nozzle 27 cm 
away from the surface this system generated 0.32 psi as measured by a pitot tube.  
It is apparent from the pressure data that both the nozzle degree and cleaning distance 
were important. The 25° nozzle produced about half the pressure of the 15° nozzle. For both the 
15° and 25° nozzles, a similar relative drop in pressure was observed for the center of the spray 
pattern. More data points are required for a model, but this opens the possibility of 
characterizing spray pressure as a function of cleaning distance. Based on the observed relative 
fan pattern trends, the function would be more applicable to smaller degree nozzles.  
Because the coupons are near one another without protection from used wash solution 
rebound spray, a cross contamination test was performed [74]. An uncontaminated coupon was 
placed in the middle of two contaminated coupons and a decontaminated with the control 
conditions (see Ch. 3.1). A small increase in counts was observed for all radionuclides on the blank 
coupon, but statistical significance was uncertain. If the coupons were cross-contaminated during 
cleaning, then true percent removals were higher than recorded. However, in a real-world 
situation, some amount of cross contamination is expected. The vertical orientation of the spray 
wand would maximize cross contamination since the non-aerosol rebounded spray falls back 
down onto the coupons.  
Comparing the percent removals of the different cleaning distances, the closest distance 
had the highest values. The 33-cm distance yielded better average percent removals than the 27-
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cm distance, but the difference was insignificant. Given the trends in pressure discussed, this was 
unexpected. However, characterizing pressure has given varied responses per building material 
in previous studies. There was a direct correlation between pressure and percent removal for 
asphalt, but not for concrete and brick [60, 59]. The increased removal at higher (> 4,000 psi) for 
brick and concrete were attributed to surface removal. Because the distance and nozzle 
configured for the HUDEX tests provided minimal pressure, no surface ablation was noticeable.  
Based on the t-tests and previous literature, for the range of pressure tested here there was not 
a significant relationship.  
The percent removals from speed tests (Fig 4.3) showed higher values for 25 mm/s than 
5 mm/s, contrary to previous studies. However, none of the t-tests showed significant 
differences– in fact, they pointed toward the opposite. This is contrary to previous literature, 
which has found a positive correlation between cleaning rate (or total volume of water used per 
coupon) and percent removal [59]. In those experiments, a twenty-second cleaning with a bore 
nozzle covering the entire surface, the majority percent removal occurred in the first five seconds 
for all samples [59]. Because the spray wand was off-center for the last trial, there is a possibility 
the pressure difference outweighed the effects of the speed change. It is also possible the control 
test results for this experiment were less than a ‘true average’. Average percent removals with 
the HUDEX system for two additional concrete coupons were 35% Cs-137, 33% Sr-85, and 51% 
Eu-152 [74].  
Percent removals using the nominal 0.5 M KCl wash solution (Fig 4.4) were significantly 
higher than those with the tap water (Fig 4.1) for all material and radionuclides except Eu-152 on 
concrete and Cs-137 on brick. Per the discussion in Ch. 2, the improvement with the KCl solution 
was expected. More importantly, the lowest average removal was 28% using KCl solution for 
decontamination vs. 6.2% using tap water. This observation supports the use of pressure washing 
with the KCl solution as a quick remediation technique. Sandalls previously noted the utility of an 
ionic solution to enhance decontamination.  
In an earlier study, static and flow tests with KCl solution were performed on coupons 
contaminated with Cs, Sr, and Eu [19]. The two wash methods were tested on asphalt (Fig. 5.1-
5.2), brick (Fig. 5.3-5.4), and concrete (Fig. 5.5-5.6) with three solutions: tap water, 0.1 M KCl, and 
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0.5 M KCl. Decontamination with the HUDEX appeared to produce better percent removals for 
Eu with every material and solution permutation (Fig. 5.1-5.6), but not always significantly. The 
largest gap in performance between the HUDEX and the other two tests for Eu removal was 
observed when 0.5 M KCl solution was used to decontamination asphalt (Fig. 5.2). 
Decontaminating Eu-contaminated brick with 0.5 M KCl solution yielded the second-largest 
difference at ~21% improvement with the HUDEX (Fig. 5.4). For Cs, the HUDEX and static tests 
were comparable, but half the time flow tests gave higher percent removals (Fig 5.1, 5.5, and 
5.6). Removal of Sr was comparable between the three methods with static performing the best, 
followed by flow tests, and finally HUDEX tests. Only for tap water on concrete did the static test 
to remove Sr get out-performed (Fig. 5.5). 
Each trend can be rationalized by the binding mechanism of the radionuclide and removal 
mechanism of the decontamination method. As briefly mentioned before, Eu has a very strong 
tendency to precipitate on the building material. This means a physical removal mechanism (vs. 
chemical) is best for effective decontamination; between the three tests (static, flow, and 
pressure wash), HUDEX was the only one with any evidence of surface removal. On the other 
hand, Sr was likely bound to the building material by precipitation of a strontium carbonate, but 
in the presence of solution at neutral pH and with time to equilibrate, Sr will shift to a 2+ ion in 
solution. Of the three tests, the static tests have the greatest equilibration time, and static tests 
consistently removed Sr effectively. Cesium adsorption kinetics are rapid, and Cs favors the +1 
state in solution. Therefore, as new solution is introduced, it effectively leaches the reversibly 
bound Cs from the building material. Flow tests best create this scenario. However, because Cs 
is found near the surface of the coupon, physical decontamination would have some effect.  
While the pressure is not at the expected magnitude from a power washer, the increased 
remediation with KCl solution is promising for future tests. A widely applicable technique is 
possible with the combination of high pressures (to remove more Eu) and KCl solution (to remove 
Cs and Sr). 
5.2. Grind Tests 
Total depths profiled for the three concrete coupons (17-35 µm) were smaller than in 
literature (1-7 mm); therefore, comparison was difficult. To illustrate, in Fig. 5.7 the total depth 
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from twenty grindings in these experiments is covered in 1 to 2 data points from previous 
literature. The smaller grind depths from C748, C751, and C747 were likely due to differences in 
applied pressure when grinding the coupons and different grit sand paper. Grit 25 or grit 40 sand 
paper was used by [16], while grit 320 was used in this study. The behavior of Cs and Sr was 
similar on concrete in Maslova’s study, and that is also seen in Figures 4.5, 4.6, and 4.7. The 
smaller surface penetration of Eu is likely due to rapid precipitation reactions. Differences in 
grinding depth layers would not have made a difference in the surface penetration 
characteristics. In Maslova’s studies, the coupons were not decontaminated prior to depth 
profiling. C747, C748, and C751 were cleaned with tap water applied at 2.17 psi, and the spray 
possibly caused surface ablation. It was not determined if surface losses were significant for the 
HUDEX experiment.   
C751 (Fig 4.7) displayed geometric irregularities that influenced the grind data. These 
features and their potential impact were noted before the grind test. The coupon had a valley-
shaped depression in the center of the coupon running almost parallel to the longer edge. The 
coupon was grinded parallel to the valley with the idea to grind the maximum amount of elevated 
surface. As the grinding progressed, the valley depth decreased relative to the coupon height, 
and more of the surface was ground. By the end of the C751 grinding, the valley was almost 
unnoticeable, which indicated that most of the grinding layers contained newly ground surface 
material. A portion of the material in each layer was from an untouched surface, which is 
accurately reflected in Fig. 4.7 assuming similar activity densities throughout the surface layer.  
The trends between all three coupons were similar, but more tests with varying 
permutations of decontamination method, material, and time prior to grinding after 
contamination and/or decontamination are required to draw conclusions about the effects of 
high-pressure washing with or without an ionic wash solution on depth profiles.  
 
5.3. GoldSim Sensitivity Analysis 
  Up to this point, the discussion has focused on the first part of the clean-up effort. The 
HUDEX tests represent building decontamination with a pressurized wash solution, and the grind 
tests characterize effects of the wash down on remaining contamination. After washing down 
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the buildings, the contaminated solution will need to be disposed. Fire hosing can use up to 1 
million gallons of water a day, which poses two problems. First, large quantities of waste are 
generated. Second, the water supply may be exhausted without a quick method to recycle the 
used wash solution.  
Instead of hauling the used wash solution off-site, a sand/clay recycling bed can be built 
next to contaminated structures. Clays are already used in many applications for purifying 
solutions via ion exchange and vermiculite (clay in this study) is readily available in large 
quantities. Then, at the end of remediation only the sand/clay bed material saturated with 
radionuclides needs to be managed vs. millions of gallons of water. The GoldSim model 
developed in this report is designed to aid in sand/clay bed design. It is important to understand 
the influence of each system parameter on the sand/clay bed for quick response. By establishing 
the relationships between key parameters (such as head height, bed composition, concentration, 
etc.) and bed performance, easy-use reference guides for dictating column parameters can be 
created and distributed to all first responding groups prior to a wide-spread radiological 
dispersal.  
Many of the trends found in the sensitivity analyses were as expected per the discussion 
in Ch. 2. Changing Kd values of sand or clay led to a positive linear relationship with elution time 
and total volume processed. Head height affected the flowrate, but did not change column 
parameters. Therefore, the total volume of recycled solution was independent of head height, 
and elution time directly correlated to head height. The diameter of the bed had no bearing on 
column infill properties, which led to constant breakthrough times. The total volume is directly 
proportional to the area, which in turn is proportional to diameter squared, giving a net quadratic 
relation between total volume and diameter (Fig. 4.15). 
 Note for Fig 4.20 and 4.21 the trends are not only because of effective Kd (Cs Kd on 
sand/clay infill) changes, as in Fig 4.16 and 4.17. The non-linearity for Fig 4.20 and 4.21 was due 
to changes in the solid properties when varying the composition (effects described above). It was 
interesting that the beginning of the effective Kd curve in Fig 4.20 is almost linear. Comparing the 
data from 4.16 and 4.20, the elution times with the material changes (Fig 4.20) was longer for 
similar effective Kds. This relationship became more apparent as the mass fraction of sand 
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decreased. The presence of vermiculite affects flow properties of the system in addition to Kd; 
increased clay percentage decreases hydraulic conductivity, decreasing flow rate and increasing 
elution time. By analogous reasoning, the total volume recycled decreases for changed material 
properties vs. only Kd values.  
 Using the results from the HUDEX and GoldSim experiments, a contamination scenario 
was created and evaluated for remediation. From Ch. 2, it could take as little as 0.48 g of Cs-137 
to contaminate 1 km2 to the point of relocation. Instead, an imperfect homogeneous wet 
deposition was assumed, and 250 m2 of concrete was contaminated with 2.4 mg Cs-137. The 
surface area represents the sides of a small building, and the amount of Cs per unit area 
corresponds to 5% of a uniform deposition. For the wash method, the HUDEX system with a 40° 
nozzle 27 cm away from the surface cleaning at 5 cm/s was chosen. This speed, which was the 
fastest of those tested, was selected because no significant differences in percent removal were 
observed during the HUDEX speed tests ranging from 0.5 cm/s to 5 cm/s. A spray-fan 45 cm wide 
is produced from the nozzle/distance combination, producing a cleaning rate of 0.0225 m2/s 
(~14.5 ft2/min) with a perfect one-pass spray pattern. A 0.5 M KCl wash solution was used to 
increase the percent removal, which was assumed to be 45%. The lack of Sr and Eu contamination 
and vertical vs. horizontal orientation of the contaminated surface were not considered in the 
percent removal estimate.  
 To operate GoldSim, values for inflow and sand/clay bed parameters must be established. 
Based on the decontamination method rate and total activity of contamination, the total volume 
of wash solution and inflow concentration of Cs could be calculated. Dividing the area by the 
cleaning rate, a total time of 185.2 minutes was found. The total volume of wash solution to clean 
the building is therefore 841 L. To create 857 L of 0.5 M KCl wash solution, about 32 kg of KCl and 
841 L of tap water are required. Before calculating concentration, the total mass of Cs was 
multiplied by the percent removal and specific activity (88 Ci/g) to give total activity removed. 
Total activity (95 mCi) was divided by total volume to give an inflow concentration of 113 µCi/L.  
 Parameters for the sand/clay bed were determined by the user after the requirements 
from the decontamination method were established. Naturally, there is more than one way to 
construct a column suitable to the task, so parameters must be chosen by the user. Sand mass 
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fraction was set to 0.9, head height to 20 cm, diameter to 57 cm, and breakthrough definition 
was 1% of initial concentration in the outflow. When possible, mass fraction should be a constant 
because it affects column performance non-linearly. Head height had no influence on the total 
volume of wash solution, and therefore an arbitrary value was acceptable. A 55-gallon drum has 
a diameter ~57 cm, and served as the initial container for the sand/clay bed. The Cs Kd on 
vermiculite for 0.5 M KCl is set to 34 mL/g and 0.3 mL/g for sand. With all parameters chosen, a 
sensitivity analysis on total volume processed at 1% elution varying bed length was performed. 
A range of 10 cm to 60 cm was evaluated with 11 points and a central value of 35 cm. 
 By repeated sensitivity analyses, the required bed length was determined. In the first 
analysis, only 323 L of wash solution were processed for a 60-cm bed length, implying the 55-
gallon drum was too small a container for the required sand/clay bed. A bed with area 10ft2 
(diameter 109 cm) was used for remaining trials. In the second trial, a total volume of 770 L is 
processed for 45 cm bed length, and for 50 cm bed length 890 L are processed. The third 
sensitivity analysis was more specific, ranging from 45 cm to 50 cm with 21 points and a central 
value of 47.5 cm. The resulting column had a bed length of 48.25 cm could process 856 L of 
contaminated solution in 0.047 days (~67 min). Mass requirements of sand and vermiculite were 
701 kg and 77.9 kg respectively. 
 As an alternative bed structure, the sand mass fraction was changed to 0.5. Flowrate 
decreases because effective permittivity was reduced, and the required infill mass will decrease 
because the effective Kd increases. At the same bed area and bed length, 3113 L was processed 
over 0.31 days (7 L/min). If the diameter was reduced by about half, then total volume would be 
reduced by about 75%. The halved-diameter approximated a 55-gallon drum, and under the 
same simulation conditions processed 856 L of wash solution over 0.31 days (1.9 L/min). The 
required masses of sand and vermiculite were 89.25 kg each. While the 0.5 sand mass fraction 
allowed for a smaller sand/clay bed, the flowrate was slower than the decontamination rate. 
However, because the 55-gallon drum is at least 80 cm tall, the head height could be increased 
10-15 cm to increase the recycling rate.  
 The simple scenario above can be extended to larger tasks using the trends identified with 
the sensitivity analyses. If a firefighting crew needed 841,000 L of water processed with the same 
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characteristics above, there are multiple ways to create the system of beds. The easiest method, 
building one-thousand sand/clay beds from the previous analysis, uses the linear total volume 
vs. area relationship. If containers with larger areas are used for the sand/clay beds, the number 
of beds is reduced. Only twenty sand/clay beds of 200 ft2 with the same depth and composition 
would be required to process 841,000 L. Modeling the treatment of contaminated wash water 
within Goldsim demonstrates the feasibility of sand/clay beds for recycling contaminated wash 
solution as part of the IWATERS system for quick, non-destructive remediation of the urban 
environment 
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5.4 Figures 
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Figure 5.1. Comparison of decontamination methods for the three radionuclides on asphalt cleaning 
with tap water. 
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Figure 5.2. Comparison of decontamination methods using 0.5 M KCl to clean asphalt. 
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Figure 5.3. Comparison of decontamination methods by radionuclide using tap water to clean brick. 
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Figure 5.4. Comparison of decontamination methods for all radionuclides on brick using 0.5 M KCl 
solution.  
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Figure 5.5. Comparison of decontamination methods for all radionuclides on concrete using tap water.  
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Figure 5.6. Comparison of decontamination methods for each radionuclide on concrete using 0.5 M KCl.  
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Figure 5.7. Example grind data from literature. “Radionuclide depth distribution in building materials at 
20 °C as a function of interaction time and relative humidity (RH): (○ – 1 day, ▴ – 28 days) a, b – 85Sr 
depth distribution in granite; c, d – 137Cs depth distribution in asphalt; e, f – 60Co depth distribution in 
brick.” [16]. 
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CHAPTER 6: FUTURE WORK 
In these experiments, a relatively simple system was assumed. Coupons were perfectly 
horizontal to the incoming spray, sprayed with low pressures, and cleaned at slow to moderate 
speeds. The GoldSim model only recycled Cs-contaminated wash solution using one sand/clay 
column. However, situations in an actual wide spread contamination can be more diverse, which 
needs to be represented in laboratory experiments. 
A clear example of an unrepresented scenario is the vertical orientation of building sides. 
The HUDEX can tilt 90° to simulate this effect. Also, a swiveling nozzle attachment can be used to 
simulate spray not perpendicular the building surface. An example of non-perpendicular spraying 
is the lobbing of fire hose spray on the surface. For small scale clean-ups using a power washer, 
a standard power washing system includes nozzles of 0°, 15°, 25°, and 40°. Typically, nozzles of 
15° and 25° provide better cleaning efficiency without noticeable surface ablation, and therefore 
will likely increase percent removals when used in HUDEX tests.  
Each nozzle/angle/distance permutation results in a different applied pressure to the 
contaminated surface. A method for normalizing, or easily conveying, the conditions to produce 
a certain pressure for first responders is necessary. Previous literature begins to translate 
between applied fire hose pressure and a power washer system, but the nozzle configuration and 
pressure measurement technique were different [59]. Translating pressures between test 
systems and systems used for field-scale remediation allows a larger pool of experimental data 
to be used. 
Much like the wash-down scenario, the GoldSim sand/clay recycling bed model can be 
expanded. Current work is extending the sensitivity analyses to generate reference tables for first 
responders [19]. As in the decontamination scenario in section 5.3, some parameters must be set 
prior to analysis. Having the information available prior to an incident is advantageous for 
planning efforts. Another extension of the model quantifies dose to first responders, especially 
as the sand/clay bed becomes saturated with radionuclides.  
Recently, the GoldSim model from these experiments was extended to include a second 
sand/clay column, into which the outflow from the first sand-clay bed is fed. This multi-bed 
system successfully decouples the first and second sand/clay bed parameters, which allows the 
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column to have varying compositions and flowrates.  Modeling a series of sand/clay beds opens 
new possibilities such as optimizing material efficiency and dose to responders, and accounting 
for system failures (e.g. a sand/clay bed stops flowing or a pump breaks). As the column model 
grows, other components of the remediation procedure and variability due to random events 
can be added, such as rainfall events based on climate. The response to rainfall during 
remediation is unknown, but possible options are stopping remediation efforts or continuing 
remediation and accounting for rainfall in the water levels of the reservoirs. This is only one 
example of a random event that can be included.  
Two key features of GoldSim briefly mentioned in Ch. 2 are the ability for probabilistic 
simulation and risk analysis. Probabilistic simulation identifies the range of possibilities for a given 
scenario from user-defined uncertainties. Creating parameters to represent the contamination 
scenario (such as amount of contamination, contaminated surface area, and climate), 
response/recovery actions (such as decontamination method with DF, available first responders 
and training, dose limits), and the recycling of used wash solution (sand/clay bed parameters) 
would allow a detailed portrayal of the remediation efforts in GoldSim. Using the probabilistic 
simulation with stochastic inputs, a range of consequences for a given contamination scenario 
and remediation method would be generated. Parameters to be optimized include minimizing 
dose to first responders, minimizing total time of remediation effort, cost of response/recovery 
decisions, and theoretical maximum decontamination achievable.  By adding these components, 
the GoldSim model could aid tremendously in decided the best response actions in the event of 
a wide-spread radiological dispersal.   
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APPENDIX A: RAW DATA HUDEX EXPERIMENTS 
Table A.1. Values of average percent removals with error for Cs, Sr, and Eu. 
Radionuclide Material Distance Speed Wash solution 
Percent 
Removal Error 
Cs-137 asphalt 27 cm 5 mm/s tap water 6.2 3.1 
Cs-137 asphalt 27 cm 5 mm/s 0.5 M KCl 49.3 9.6 
Cs-137 brick 27 cm 5 mm/s tap water 14.4 6.6 
Cs-137 brick 27 cm 5 mm/s 0.5 M KCl 30.7 6.4 
Cs-137 concrete 27 cm 5 mm/s tap water 10.8 3.5 
Cs-137 concrete 27 cm 5 mm/s 0.5 M KCl 47.1 6.8 
Cs-137 concrete 27 cm 25 mm/s tap water 14.7 0.6 
Cs-137 concrete 27 cm 50 mm/s tap water 16.3 7.6 
Cs-137 concrete 15 cm 5 mm/s tap water 41.4 5.3 
Cs-137 concrete 33 cm 5 mm/s tap water 15.8 10.8 
Sr-85 asphalt 27 cm 5 mm/s tap water 58.8 3.4 
Sr-85 asphalt 27 cm 5 mm/s 0.5 M KCl 84.6 3.5 
Sr-85 brick 27 cm 5 mm/s tap water 8.5 3.5 
Sr-85 brick 27 cm 5 mm/s 0.5 M KCl 31.9 4.4 
Sr-85 concrete 27 cm 5 mm/s tap water 7.4 2.6 
Sr-85 concrete 27 cm 5 mm/s 0.5 M KCl 30.9 3.2 
Sr-85 concrete 27 cm 25 mm/s tap water 13.2 4.4 
Sr-85 concrete 27 cm 50 mm/s tap water 18.2 6.0 
Sr-85 concrete 15 cm 5 mm/s tap water 27.5 5.7 
Sr-85 concrete 33 cm 5 mm/s tap water 13.5 10.8 
Eu-152 asphalt 27 cm 5 mm/s tap water 21.0 4.9 
Eu-152 asphalt 27 cm 5 mm/s 0.5 M KCl 42.3 5.0 
Eu-152 brick 27 cm 5 mm/s tap water 7.7 6.9 
Eu-152 brick 27 cm 5 mm/s 0.5 M KCl 28.0 3.6 
Eu-152 concrete 27 cm 5 mm/s tap water 34.9 6.4 
Eu-152 concrete 27 cm 5 mm/s 0.5 M KCl 28.2 8.9 
Eu-152 concrete 27 cm 25 mm/s tap water 45.5 12.8 
Eu-152 concrete 27 cm 50 mm/s tap water 34.6 5.9 
Eu-152 concrete 15 cm 5 mm/s tap water 45.7 10.0 
Eu-152 concrete 33 cm 5 mm/s tap water 29.6 10.4 
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Table A.2. All t-test results. 
Radionuclide Material t-test p-value 
Cs-137 asphalt tap vs. KCl 0.027 
Cs-137 brick tap vs. KCl 0.177 
Cs-137 concrete tap vs. KCl 0.033 
Cs-137 concrete control vs. 25 mm/s 0.292 
Cs-137 concrete 25 mm/s vs. 50 mm/s 0.783 
Cs-137 concrete 50 mm/s vs. control 0.462 
Cs-137 concrete 15 cm vs. control 0.037 
Cs-137 concrete control vs. 33 cm 0.478 
Cs-137 concrete 33 cm vs. 15 cm 0.153 
Sr-85 asphalt tap vs. KCl 0.032 
Sr-85 brick tap vs. KCl 0.008 
Sr-85 concrete tap vs. KCl 0.029 
Sr-85 concrete control vs. 25 mm/s 0.347 
Sr-85 concrete 25 mm/s vs. 50 mm/s 0.082 
Sr-85 concrete 50 mm/s vs. control 0.200 
Sr-85 concrete 15 cm vs. control 0.048 
Sr-85 concrete control vs. 33 cm 0.402 
Sr-85 concrete 33 cm vs. 15 cm 0.271 
Eu-152 asphalt tap vs. KCl 0.037 
Eu-152 brick tap vs. KCl 0.039 
Eu-152 concrete tap vs. KCl 0.503 
Eu-152 concrete control vs. 25 mm/s 0.296 
Eu-152 concrete 25 mm/s vs. 50 mm/s 0.495 
Eu-152 concrete 50 mm/s vs. control 0.970 
Eu-152 concrete 15 cm vs. control 0.124 
Eu-152 concrete control vs. 33 cm 0.296 
Eu-152 concrete 33 cm vs. 15 cm 0.006 
 
